Summary: With the use of positron emission tomog raphy (PET) and the 150 steady-state- [ISF]fluorode oxyglucose combined method, the local interrelationships between the cerebral metabolic rate for oxygen (CMR02) and the cerebral metabolic rate for glucose (CMRGlc) were investigated in control subjects and in stroke pa tients. In addition to the classic in vivo autoradiographic approach, a kinetic method was used to measure CMRGlc because it was expected to be more reliable in cerebral ischemia. In control subjects local coupling be tween CBF, CMR02, and CMRGlc was confirmed, and acceptable values for the CMR02/CMRGlc ratio were found; the latter, however, was lower in white matter
The recent development of independent methods for measuring in the human brain the rates of ox ygen consumption (CMR0 2 ) and glucose utilization (CMRGlc) using positron emission tomography (PET) has revived the study of the coupling be tween CMR0 2 and CMRGlc, previously restricted to the whole brain only (Finkle stein et aI., 1981; Baron et aI., 1982; Rhodes et aI., 1982) . Such in vivo studies may help us understand better the con ditions required for the occurrence and the prog nostic significance of enhanced anaerobic glycol ysis in cerebral ischemia.
than in gray. Uncoupling between CMR02 and CMRGlc was observed in all stroke patients, suggesting that (1) enhanced anaerobic glycolysis occurred both in reper fused recent infarcts and in chronically ischemic tissue, and (2) substrates other than blood-borne glucose were being oxidized at the borders of recent infarcts. However, methodological uncertainties presently make such obser vations only tentative. Finally, a coupled depression of CMRO, and CMRGlc was found in the contralateral cer ebellu m . Key Words: Cerebral glucose utilization-Ce rebral oxygen consumption-Oxygen-IS -Positron emission tomography.
METHODS AND PATIENTS

Methods
The steady-state oxygen-IS method of measuring CBF and CMR02 (Jones et aI., 1976) was combined with the [ISF]fluorodeoxyglucose eSFDG) technique for measuring CMRGlc (Phelps et aI., 1979; Reivich et aI., 1979) . A detailed account of the combined measurement has been given earlier (Baron et aI., 1982) . Briefly, consecutive continuous inhalation of trace amounts of CI502 and 1502 was performed first. Once completed, 16 min (eight pe riods) were allowed to elapse before rapid (=20 s) intra venous injection of . Generally, three contiguous head levels, parallel to the orbitomeatal (OM) line, were studied. The coincidence photons were col lected by an ECAT II (Ortec) single-slice positron tomo graph. Considerable care was taken to quantitate accu rately the local tracer concentration in the final images (Baron et aI., 1982; Lebrun-Grandie et aI., 1983) .
Repeated scanning of the midcut (basal ganglia level) was started immediately after completing the intravenous injection of IsFDG. Twelve scans of increasing acquisition time were obtained, with midscan times of 0.5, 1.7, 2.9, 4.2, 5.4, 6.7, 9.0, 12.5, 18.9, 29.6, 42.4, and 56 .2 min. Single scans of the lower and higher cuts were collected at the end of the 12-scan procedure.
The CI502 and 1502 images of corresponding levels were transformed pixel by pixel into functional CBF, CMR02, and oxygen extraction fraction (OEF) images (Frackowiak et aI., 1980; Lebrun-Grandie et aI., 1983) .
To obtain quantitative CMRGlc images (in mg/IOO g/ min), I two different approaches were used, namely, the autoradiographic and the kinetic methods. First, the twelfth scan of the mid cut and the 18F images of the two adjacent cuts were transformed, pixel by pixel, into au toradiographic CMRGIc images using the 18F arterial data curve (obtained by either the heated-hand vein procedure or a radial artery catheter) and the four-constants oper ational equation devised by Phelps et al. (1979) with the standard FDG rate constants (k*) and lumped constant (LC = 0.42) values reported by these authors. Second, following the principle set forth by Sokoloff et al. (1977) and applied in human PET studies by Huang et al. (1980) and Reivich et al. (1982) , the 12-scan series of the midcut was processed to obtain local estimates of the real 18FDG rate constants. To do this, the original 18F images were first changed from a 100 x 100 matrix into a 25 x 25 matrix to improve the statistical validity of the approach. Then, the 18F time activity curves of each "new" pixel (which thus contained 16 original pixels) was fitted using an original mathematical model (Bustany et aI., unpub lished observations) based on the gradient method with spherization of isodistance surfaces. The sensitivity func tions used for calculation of the FDG rate constants were derived from the three-compartment model validated by Sokoloff et al. (1977) . Because, for practical reasons, the head scanning was kept relatively short (56 min), accurate estimation of the FDG dephosphorylation rate constant k! was deemed unlikely. We therefore chose, as did Reivich et al. (1982) , to ignore this small and relatively constant (Hawkins et aI., 1981) component in our calcu lation. Thus, using raw arterial 18F data and elementary brain activity curves, each of the three FDG rate con stants (kj, ki, and kn was measured in elementary tissue volumes; this allowed a map of kinetic CMRGIc to be constructed using the equation CMRGlc = Ie / Lq . IkjkVki + k!1 proposed by Huang et al. (1980) , where Cp is the average plasma glucose content and LC = 0.42. After preliminary tests of the accuracy of the curve fitting, the initial values chosen were kj = 0.08 min-I, ki = 0.15 min-I, and k! = 0.02 min-I. One complicating factor in the kinetic method is the significant contribution from vascular 18FDG in the early PET scans. This can be corrected for by means of an additional ce rebral blood volume (CBV) PET scan, but we chose to avoid increasing both dosimetry and the length of the procedure. However, rather than make no correction at all, we devised a standardized, time-variable percent cor rection of the elementary 18F tissue curves for vascular ISF activity, using the data published by Phelps et al. (1979) . Although this empirical CBV correction is pre sumably quite acceptable in normal tissue, it may not be so in ischemic brain, but the overall effects on the ac curacy of the CMRGIc measurement are most likely only moderate. Generally, excellent fitting of the regional tissue 18F curves was achieved within 20-30 iterations. Occasionally, however, slower convergence and/or a less optimal fit were obtained; this resulted from statistical I The multiplying factor for expressing CMRGlc in fLmol/lOO g/min is 5.56.
fluctuations in the initial part of the 18F curves because of low count rates in the first I-min 18FDG scans. Al though our protocol of rapid initial sampling for better determination of kl may be questioned, even shorter ac quisition times were used by Phelps et al. (1979) in some of their studies; a better trade-off between satisfactory sampling times and sufficient statistics might be worth working out. Nevertheless, the final CMRGIc value de pended very little on the exact individual fitting values, as also reported by Huang et al. (1980) .
The validity of the above kinetic method was further evaluated by comparing the CMRGIc values obtained by both approaches in various cerebral structures in seven controls. As expected (Huang et aI., 1980; Reivich et aI., 1982) , the kinetic values were =20% lower than the au toradiographic values, an effect of using the k� FDG con stant in the latter paradigm but not in the former. Nev ertheless, the regional pattern of CMRGIc was identical in both studies [correlation coefficient r = 0.979, kinetic CMRGIc = 0.815 (autoradiographic CMRGlc) + 0.002], as demonstrated also in the functional images obtained (see Fig. 1 ). On the whole, therefore, the slight loss of spatial resolution subsequent to the grouping of original pixels in the kinetic analysis would be far outweighed by the expected improvement in the accuracy of the CMRGlc determination in ischemic brain (Hawkins et aI., 1981) .
A standardized protocol was used to obtain regional data (Lebrun-Grandie et aI., 1983) in circular (4-cm 2 ) re gions of interest. For each region of interest we calculated (1) the CMRGlc/CBF ratio, which represents the arterio venous glucose difference (GlcAV, in mg/ml); and (2) the CMRO/CMRGIc ratio, termed the metabolic ratio (MR, in ml 02/mg Glc). In controls, the percent right-left dif ferences in these ratios were calculated, and the mean ± SD was computed to obtain the 95% upper confidence limits for asymmetry. In patients, the latter data were used to determine significant regional asymmetries; in ad dition, the mean affected hemispheric value (i.e., the av erage of all the regional data) was compared to the con tralateral hemispheric mean using a nonpaired or paired t test. For each control study, the rCBF data were plotted against the rCMRGIc data, and the regression line and correlation coefficients were computed; the same pro cedure was applied for CMRGIc versus CMR02 and for MR versus CBF.
Patients
We studied six control patients (mean age 59 years, range 46-71 years) free of brain disease or vascular risk factors, and seven patients with cerebral ischemic dis orders (Table 1) . There were four patients with recent infarction in the carotid territory (patients 1-4) and three patients with uni-or bilateral internal carotid artery (ICA) occlusion who were candidates for extra-intracranial ar terial bypass because of continuing ischemic events distal to the occlusion (patients 5 and 6) or potentially treatable "hemodynamic" dementia (patient 7). Patients 1 and 5 and one control (patient 1), in whom only the autoradio graphic approach was used, have been reported in part earlier (Baron et aI., 1982) .
RESULTS IN CONTROL SUBJECTS, AND COMMENTS
In each of the six control studies, the CBF, 
PO RIND, Postocclusion regressive ischemic neurological deficit; MCA, middle cerebral artery; ICA, internal carotid artery; R, right; L, left; CT, computerized tomography.
CMR0 2 , and CMRGIc functional images displayed similar regional featues (Fig. 1) . Thus, simple visual inspection suggested that, in structurally and func tionally normal brain, a close coupling among all three variables prevailed at the local level (Baron et aI., 1982) .
Regression analysis of the region-of-interest data confirmed this visual impression (Figs. 2 and 3).
CBF CMR Glc
Functional positron emission tomography (PET) im ages from a control subject obtained at level OM + 4 cm (basal ganglia level). They show similar regional features where gray matter areas display higher functional activity (whiter on the gray scale) and white matter lower activity (darker areas). This suggests that a coupling between CBF, CMR02, and CMRGlc occurs at the local level in normal brain. The 150-derived images (CBF and CMR02) have poorer statistical quality than the autoradiographic CMRGlc image for model-related and tracer behavior reasons. The kinetic CMRGlc image is similar to the corresponding autoradio graphic image but has lower spatial resolution as a result of data processing (see Methods).
With use of the auto radiographic CMRGIc values, the correlation with corresponding CBF values was highly significant (p < 0.001) in each control, with a mean of the original regression lines of CBF = 7.1 (±2.9) CMRGIc -7.6(± 11.7). This relationship found in humans agrees reasonably well with those reported in awake rats of CBF = 10.6 CMRGIc -18.9 (Kuschinsky et aI., 1981) ; CBF = 6.0 CMRGIc + 9.3 (Jones et aI., 1981) ; and CBF = 9.80 CMRGIc + 0.1 (Ginsberg et aI., 1981) . Similarly, we found significant (p < 0.001) individual corre lations between CMRGIc and CMR0 2 , the mean regression line being CMRGIc = 1.18 (± 0.32) CMR0 2 + 2.64 (± 0.67). Although this slope is not too different from the expected value of 1.53 (cal culated from the accepted whole-brain MR of 0.65 ml 0 2 /mg GJc and assuming the intercept to be zero), our finding of a significantly positive inter cept indicates that the MR decreases with a lower CMR0 2 , hence also with a lower CBF. Errors due specifically to the autoradiographic approach do not appear to be involved, since a similar positive intercept was found when kinetic data were used [rCMRGIc = 0.82 (± 0.35) rCMR0 2 + 2.59 (±0.70); individual r-value range 0.50-0.947]. The above reasoning was confirmed by (1) the signifi cant (0.05 > P > 0.01) positive correlations found between regional MR and CBF values, with average regression lines of MR = 0.006 CBF + 0.333 and MR = 0.009 CBF + 0.332 for auto radiographic and kinetic data, respectively; and (2) the significantly higher autoradiographic GIcAV in white (0.23 ± 0.04) than in gray matter (0.17 ± 0.03) (p < 0.01), and a lower MR in white (0.40 ± 0.11) than in gray matter (0.56 ± 0.14) (p < 0.01).
We presently have no satisfactory explanation for such experimental findings. Although possibly in dicating that anaerobic glycolysis is more active in white than in gray matter, in agreement with obser vations that "astrocytes appear to utilize glucose by the Embden-Meyerhof pathway for lactate pro duction" (Allen, 1972) , methodological factors must also be considered. The fact that the CMR0z CBF relationship was found constant in the present control studies (i.e., the intercept of the mean regression line was essentially zero) tends to ex culpate the 15 0 method; for unclear reasons, the 18 FDO method may, independently of partial volume effects, overestimate white matter CMROle relative to gray matter. The mean CBF, CMR0 2 , CMROle, OleAV, and MR values found in each of the six controls are shown in Table 2 . As expected (see Methods), the kinetic CMROle values were consistently (average 17%) lower than autoradiographic values. The mean autoradiographic OleA V was 0.172 mg/ml, notably higher than the accepted Kety-Schmidt value of �0. 106, whereas the mean MR of 0.57 ml 0 2 /mg Ole was lower than the average Kety-Schmidt value of =0. 65 ml 0 2 /mg Olc (Table 3 ). The corre sponding kinetic ratios (Table 2) were, as expected, 17% lower and higher, respectively, and hence much closer to the accepted Kety-Schmidt values. However, in view of the known methodological un certainties affecting both the 1 5 0 steady-state method [underestimation of true CBF and overes timation of true oxygen extraction fraction (OEF)] (Lammertsma et aI., 1981; Baron et aI., 1981d; Le brun-Orandie et aI., 1983) and the 18 FDO method (principally the values for k4 and LC which remain open to question), it seems unwarranted at present to discuss these results further.
The 95% upper confidence limits for right-left asymmetry in regional OleAV and MR were 17.2 and 14.8%, respectively, for autoradiographic data, and 18.9 and 16.3%, respectively, for kinetic data. These figures have been used to determine signifi cant regional asymmetries in the stroke patient studies.
RESULTS IN ISCHEMIC BRAIN PATIENTS, AND COMMENTS
In Table 4 are shown the mean CBF, CMR0 2 , OEF, CMROle, OleAV, and MR (the latter three variables with both methodological approaches) ob tained by averaging region-of-interest data over the affected and nonaffected cerebral hemispheres (ex cept for patient 7, in whom both affected ICA ter ritories were compared with both nonaffected pos terior cerebral territories). The autoradiographic data for patient 4 are not shown because this ap proach yielded negative or near-zero CMROlc values, a possibility previously reported by Hawkins et al. (1981) .
The CBF-CMRGlc couple
In the affected hemispheres, uncoupling between glucose supply and demand, as evidenced by sig- nificant changes in the GlcAV value, was found in five of seven studies. Decreased GlcAV occurred in two recent completed stroke cases (patients 1 and 3), together with normal (or locally increased) CBF but decreased CMRGlc and a widespread (patient 3) or localized (patient 1) OEF decrease ("lUXury perfusion"). Kuhl et al. (1980) similarly reported high 13 NH 3 uptake but low 18 FDG uptake within and/or surrounding recent brain infarcts, suggesting spontaneous revascularization within slowly metab olizing tissue.
Significant GlcAV increases were found in three studies with markedly reduced CBF but only mod erately depressed (patients 4 and 6) or even pre served (patient 7) CMRGlc. In patient 4, with an acute infarct, this pattern was associated with an extremely low CMR0 2 (and low OEF), suggesting enhanced anaerobic glycolysis, as speculated ear lier by Kuhl et al. (1980) who reported low 13 NH 3 uptake but preserved 18 FDG uptake in the early phase of infarction. Rhodes et al. (1982) , using the 15 0_ 18 FDG PET method in three recent stroke cases, also reported high GlcAV and low OEF within the infarct. In patients 6 and 7 with long standing ICA occlusion, on the other hand, the GlcAV increase was seen in widespread computer ized tomography (CT)-spared areas together with increased OEF and probably represents the glucose counterpart of the "misery perfusion syndrome" originally described for oxygen in clinically similar patients (Baron et aI., 1981 b , c).
The CMR02-CMRGlc couple Global (Table 4) or regional ( Table 5 ) significant asymmetries in MR, suggesting uncoupling between CMR0 2 and CMRGlc, occurred in all seven pa tients studied.
Areas of significantly decreased MR were de tected by the CMRGlc kinetic approach in five pa tients (Table 5) , and by the autoradiographic ap proach in only one case (patient 5). The latter approach therefore relatively underestimated CMRGlc in such areas, hence confirming the previous suggestion (Hawkins et aI. , 1981) that regional estimation of CMRGlc by the kinetic paradigm is necessary when studying cerebral ischemia. De pressed MR was found in the necrotic core of two recent stroke cases (patients 3 and 4), together with decreased CBF and a greater reduction in CMR0 2 (luxury perfusion as shown by low OEF), but rel atively preserved CMRGlc. Wise et al. (1983) also reported markedly decreased MR with luxury per fusion in eight recent infarcts. Interpretation of such findings is made difficult by the following con siderations. First, our finding that lower levels of CBF were associated with lower MR values in con trols (see above) would tend to weaken their sig nificance, since CBF was also found decreased in these diseased areas; however, the decrease in MR found in both patients seems out of proportion to the decrease in CBF and thus appears real. Second, deviations of the LC value in infarcted areas may have occurred, although only states of extreme un coupling would markedly alter the LC (Pard ridge et aI. , 1982), and stability of the LC in human cerebral infarction has been suggested (Hawkins et aI., 1981) . Finally, altered GlcAV within infarcts will make the 18 FDG arterial data unreliable estimates of true capillary 18 FDG content, but the effects on the measured CMRGlc would tend to be counter balanced by the similar error made in the glucose capillary content. Thus, the decrease in MR seen in both patients may be true, an observation sug gesting enhanced anaerobic glycolysis. Using the Kety-Schmidt technique, Meyer et al. (1967) also reported decreased MR values in recent stroke pa tients, and enhanced anaerobic glycolysis has been demonstrated in experimental cerebral ischemia (Siesjo, 1978) . That we found the MR decrease as sociated with luxury perfusion indicates that tissue hypoxia could not have been the triggering factor a Top group shows significant decreases; bottom group shows significant increases.
b Calculated from kinetic data, except for patients 1 and 5 with autoradiographic data.
for anaerobic glycolysis; alternatively, tissue alka losis (Syrota et al. , 1983) , metabolic aberrations (Siesj6, 1978) , or preferential lactate production by infiltrating macrophagic cells (Wise et al. , 1983) of necrotic tissue may be involved.
Widespread or regional decreases in MR were also seen in CT -spared areas in all three patients with ICA occlusion and symptoms of continuing ce rebral ischemia (patients 5 -7, Table 5 ). The lower the regional CBF was found, the lower the mea-
CBF
OM+4cm
OM+2cm sured MR, both variables being positively corre lated (p < 0.01) in patients 6 and 7. In the latter two studies, the depressed MR was associated with in creased OEF, i. e. , misery perfusion, pointing to protracted tissue hypoxia as a "tempting" trigger of anaerobic glycolysis. However, the decreases in MR found here were of relatively small magnitude, and hence could be accounted for solely by de creased CBF values in a way similar to our findings in controls (see above). No firm conclusion can therefore be drawn at the present time. The last case (patient 5) also had a relatively modest de crease in MR, this time with a matched CBF CMROz depression surrounding an old' 'watershed" infarct (Baron et al. , 1982) .
Even more puzzling were the findings of wide spread (patients 1-3) or circumscribed (patient 4) increases in MR (detected by both CMRGlc methods) in all four patients with recent completed stroke (Tables 4 and 5). There were no or only mild associated changes in CBF, OEF, or CMR0 2 , the relatively marked depression in CMRGlc not being matched by a parallel depression in CMROz. These MR changes were located in each case outside the area of maximal tissue damage (as judged by CT scan data), and suggest the potentially important possibility that substrates other than blood-borne glucose (e. g. , glycogen stores, ketone bodies, obtained at two different head levels. The infarcted area (solid arrows), which appears on the higher cut, displays a relatively preserved CBF with markedly decreased CMR02 and CMRGlc ("luxury perfusion"). "True" CMRGlc obtained by the kinetic approach is more preserved than falsely suggested by the autoradiographic approach, and the true metabolic ratio (MR) within this area was found markedly depressed (anaerobic glycolysis ?). In surrounding areas (open arrows), CMR02 is relatively preserved, whereas CMRGlc is depressed (both approaches), resulting in an increased MR. On the lower cut, there is depression of CBF, CMR02, and CMRGlc in the cerebellar hemisphere contralateral to the cerebral infarct (curved arrows). showing a marked CBF re duction in both carotid territories compared to areas sup plied by the posterior cerebral arteries. In the anterior part of both cerebral hemispheres (arrows), CBF is maximally de creased with better preserved CMR02 ("misery perfusion"); within these areas, "true" (kinetic) CMRGlc is relatively higher than CMR02 (anaerobic glycolysis ?), a feature largely overlooked by the autoradiographic approach.
CMR Glc
amino acids) are oxidized for energy production in the surviving tissue surrounding a recent infarct. Using the Kety-Schmidt technique, Gottstein and Held (1979) reported increased MR in "arterioscle rosis" dementia patients, and Snyder et al. (1975) found CMRGIc more depressed than CMR0 2 during the hypoperfusion phase following brief ex perimental circulatory arrest. Although the accu racy of the CMR0 2 measurement in stroke with the 15 0 steady-state technique may be questioned, par ticularly in situations with low OEF when no cor rection for CBV is performed (Lammertsma et aI., 1981) , the magnitude and the consistency of our findings tend to support their reality. To be firmly established, though, a correction for CBV using I l CO or C I SO PET scans will be needed in the fu ture.
The PET images for two illustrative studies (pa tients 3 and 7) are shown in Figs. 4 and 5.
Contralateral cerebellum
A previously unsuspected reduction in CBF and CMR0 2 in the cerebellar hemisphere contralateral to carotid territory infarction has been recently demonstrated (Baron et aI., 1980,198Ia) and as cribed to a transneural depression secondary to damage of the cerebrocerebellar functional loop at 
C. BARON ET AL.
the supratentorial level. In a previous report on pa tient 1 ( Baron et al., 1982) , it was found that this "crossed cerebellar diaschisis" also affected CMRGlc. Present analysis of five cases with uni lateral supratentorial infarction (excluding patient 7 with bilateral lesions and patient 5 in whom the cer ebellar cut was not obtained) now confirms that a significant depression in CBF, CMR0 2 , and CMRGlc occurs over the contralateral cerebellum (Table 6) ; that this depression is matched for all three variables lends further support to the dias chisis hypothesis. An example is shown in Fig. 3 .
The different types of CMROz-CMRGlc relation ships observed in stroke patients are diagrammati cally summarized in Fig. 6 . 
